A new technique of normal mode filtering in an isovelocity channel using an equispaced linear array is presented. Filtering is achieved by steering nulls in the directions of arrival of the quasiplane wave pairs associated with the normal modes that are to be rejected. A theoretical analysis of the problem is presented for both horizontal and nonhorizontal arrays. The minimum number of array elements and their weighting coefficients are determined for each case. The null-steering technique offers several advantages over other techniques of mode filtering. The weighting coefficients are independent of the array depth. A horizontal or vertical array of 2M -1 elements with real weighting coefficients or a horizontal array of M elements with complex weighting coefficients is sufficient to select one mode from a set of M modes. There is no constraint on interelement spacing. The filter performance is equally good under all types of bottom conditions. If a horizontal array is deployed, this method of mode filtering can be used in a horizontally stratified channel also. The null-steering method gives perfect filtering if the orientation of the array and the modal wave numbers are known exactly.
INTRODUCTION
The acoustic field in a water channel can be represented by a sum of normal modes of the channel. The normal mode parameters are dependent on the acoustic properties of the channel and the source parameters. Recently there has been considerable interest in the efficient filtering of the normal modes.
•-Iø This is duc to the fact that mode filtering techniques can be used to determine the acoustic properties of the channelfi '4 On the other hand, if the acoustic properties of the channel are known, these techniques can be used for source Iocalizationfl 'ø Mode filtering has also found application in ocean acoustic tomography. m 
denotes the source bearing angle. Denoting the horizontal range of the element q from the source by r•, we have (see 
where a., is the normalization constant for the rnth mode, and the harmonic time dependence is suppressed. The array output, obtained by weighting the hydrophone outputs and summing them, is given by a= • wqp•,
where the weighting coefficients wq may be complex. Using the approximation giv,en by Eq. (9) in the phase term of Eq. 
The output can be made equal to the mode amplitude .4, if the weighting coefficients are normalized so as to render
The foregoing discussion highlights the fact that the null-steering technique provides, for the first time, a method of achieving perfect mode filtering (zero leakage from the unwanted modes) by employing either a vertical or a horizontal (2M--1)-element equispaced array with real weighting coefficients. Furthermore, this method docs not impose any constraint either on the mean array depth z o or the interelement spacing d, except that a horizontal array filter for the nth mode should not be located at a depth close to a node of the nth mode. On the other hand, some leakage is invariably present when the mode-matching method using a vertical array or the least-squares method using either a vertical or a horizontal array are employed. To minimize the leakage, the mode matching and least squares techniques require the deployment of a vertical array that spans the entire depth of the channel, whereas good filtering can be achieved with short vertical arrays placed anywhere in the channel if the null-steering technique is used.
Another major advantage of the null-steering technique stems form the fact that the weighting coefficients are independent of the mean array depth. Hence, the performance of the null-steering mode filter is not affected by variations in the array depth. It is pertinent to note that it is very difficult to avoid variations in the array depth at sea and these variations adversely affect the performance of other types of mode filters.
The null-steering mode filter performs equally well under all bottom conditions, whereas the mode-matching filter performs poorly in a Perkefts channel where the lower-order mode functions have significant penetration into the sediment.
Even though the analysis in Sees. II and III is based on the assumption of isovelocity water channel, the isovelocity constraint is required only for a nonhorizontal array. Table I . In Table I (Table II) Fig. 5 , the plane of tilt coincides with the vertical plane containing the source and the array center, i.e., the plane of tilt is the plane with at = 6,/3 = 0. In Fig. 6 , the plane of tilt is perpendicular to the vertical plane containing the source and the array center, i.e., the plane of tilt is theyz plane with /3 = ½r/2. Similar plots for the horizontal end-fire array considered in Sec. V are shown in Figs. 7 and 8. In Fig. 7 , the 
VII. CONCLUSIONS
The null-steering technique of mode filtering presented in this paper offers several advantages. The foremost is that the array weighting coefficients do not depend on the depth at which the array is deployed. Hence the performance oft he filter is not affected by changes in the position of the array, as long as its orientation is maintained. Secondly, there is no constraint on the interelement spacing and it is not necessary to use an array spanning the entire depth of the channel. Equally good performance can be obtained with all types of bottom. For example, unlike the mode-matching technique, perfect filtering is achieved even when the mode functions have a significant penetration into the bottom.
A null-steering mode filter can use either a vertical or a horizontal array of2M -1 elements with real weighting coefficients. For a horizontal array, the number of elements Details of the hardware implementation of the mode filtering processor based on the null-steering technique and its use in model studies in a Laboratory tank can be found in
